Recently, there has been increasing evidence of species' range shifts due to changes in climate. Whereas most of these shifts relate ground truth biogeographic data to a general warming trend in regional or global climate data, we here present a reanalysis of both biogeographic and bioclimatic data of equal spatiotemporal resolution, covering a time span of more than 50 years. Our results reveal a coherent and synchronous shift in both species' distribution and climate. They show not only a shift in the northern margin of a species, which is in concert with gradually increasing winter temperatures in the area, they also confirm the simulated species' distribution changes expected from a bioclimatic model under the recent, relatively moderate climate change.
INTRODUCTION
Despite an increasing number of ecological 'fingerprints' of climate change (Walther et al. 2001; Parmesan & Yohe 2003; Root et al. 2003 ; see also Hughes 2000; Walther et al. 2002) , consensus on the ecological impacts of global warming still remains elusive (see Jensen 2003) . One reason for the lack of consensus may relate to the fact that case studies on species' range shifts (e.g. Grabherr et al. 1994; Parmesan et al. 1999; Thomas & Lennon 1999; Hill et al. 2002; Crozier 2003) often associate local changes in the distribution of species at small scales to large-scale climatic changes on the regional to global level. This is mainly due to the lack of historical biogeographic data on the local and regional distribution of a species, coupled with concurrent climatic data on the same spatio-temporal resolution. One of the exceptions, and to our knowledge the only one, is provided by Iversen (1944) , who closely linked the occurrence of some evergreen broad-leaved species to measurements from nearby climate stations. Thus it has been used as the classical example to illustrate a climatically limited species' northern distribution and continues to be regularly featured in standard textbooks of ecology in general (e.g. Begon et al. 1996) , and botany in particular (Sitte et al. 2002; Larcher 2003) .
A particular feature of the Iversen (1944) study is that it provides a detailed synchronous record for the bioclimatic and biogeographic situation of climatically limited species before the recent rise in global average temperature. In recent decades, the regional climate of the Iversen study area has warmed, especially in the winter season (Folland & Karl 2001) . Given this warming trend, one would expect to see a truly climatically limited species response to the changes in climate in these areas.
In this paper, we compare both detailed historic climatic and biogeographic records with updates of the same parameters at the same localities in the northern fringe area of the distribution of Ilex aquifolium, applying the same methodology as used in the original study (Iversen 1944) . We also compare our field data to predictions from simulations of Ilex distributions using a purely climate-driven bioclimatic model. Our aim is, therefore, to verify whether a potential shift in the local and regional distribution of a species is in synchrony with concurrent changes in climatic data on the same spatiotemporal resolution.
MATERIAL AND METHODS
From among the subset of evergreen species described by Iversen (1944) we selected holly (I. aquifolium), the only true shrub and smaller tree species (Peterken & Lloyd 1967; Callauch 1983 ). The northern margin of the Ilex distribution in Europe is often shown related to the 0 8C-isoline (Holmboe 1913; Loesener 1919; Enquist 1924; Walter & Straka 1970; Sitte et al. 2002) . Although the mean temperatures are not themselves considered to be physiologically effective, they correlate with absolute minimum, and therefore are used as a surrogate for the frequency of lethal extreme events (Sitte et al. 2002; Woodward et al. 2004 ; see also Runge 1950; Fischer 1965; Peterken & Lloyd 1967; Sakai 1982; Prentice et al. 1992; Sykes et al. 1996) . The other evergreen species studied by Iversen (1944) either depend on appropriate host trees such as the epiphyte Viscum album, or, in the case of the climbing ivy (Hedera helix), have two separate and different growth forms. Ivy, when creeping on the ground, is protected from winter cold by snow and is thus, in this growth form, a less reliable climate indicator than when it is climbing trees (see also Andergassen & Bauer 2002) . Further, these two different growth forms have not been clearly separated in the original data (Iversen 1944) .
Our biogeographic field data for holly were obtained from several unpublished recent records of I. aquifolium scattered through various local field surveys and monitoring programmes (see §4 and acknowledgements below). We verified these records in the field in the northern fringe area of the distribution of holly in northern Germany, Denmark, southern Norway and southern Sweden in 2003, and updated the same climatic parameters of the same local climate stations as used in the original study (Iversen 1944) . As the study covers more than a half century, not all the climate stations can provide data to the present day. For the abandoned stations we used data from nearby stations or extrapolated surrogate records based upon overlapping periods (see Electronic Appendix A).
The static shell (STASH) bioclimatic model is a simple model which uses a minimum set of bioclimatic parameters (mean temperature of the coldest month, growing season warmth, drought index and degree of chilling required before budburst) to describe a species range. The assumption is that these parameters represent responses to physiologically important mechanisms for plants, for example, accumulated temperature during the growing season (growing degree days) is an index of the presence of energy suitable for the completion of the plant's life cycle. Some of these parameters act directly as on-off switches, for example, if the minimum mean coldest month temperature (as a surrogate for the absolute minimum) in a grid cell falls below the species limit, the species is excluded. Some parameters, however, also directly affect net assimilation and respiration, and thus growth rate, and this is reflected in the degree of establishment success within a grid cell (see Sykes et al. 1996 for further details). We used STASH in a data-model comparison for current and recent past occurrences of holly. We used 12 monthly values for each of monthly mean temperature, precipitation and percentage sunshine from the ATEAM European gridded 10 0 climate dataset (http://www.pik-potsdam.
de/ateam/) based on the Climate Research Unit dataset (New et al. 1999 (New et al. , 2000 . The recent past was modelled as the 30 year normal for the 1931-1960 period, and the current period as the mean of 1981-2000. Statistical analyses of the simulated and actual distributions of holly in the area between 51-708 N and 4-258 E were based on Cohen's kappa coefficient of agreement (Cohen 1960) providing an estimate for the overlap of spatial data (cf. Fielding & Bell 1997) .
RESULTS
At all the localities where Iversen reported the occurrence of I. aquifolium, we confirmed that the species is still present. In addition, we found new occurrences of holly at locations that were reported Ilex-free at the time of Iversen's investigation (cf. figure 1a,c) . The growth form and size, date of first notification, and at some places tree ring analyses allowed an estimation of the approximate age of these individuals (data not shown, but cf. Berger 2003) . Based on this information we conclude that these occurrences of Ilex are in fact new, and that Ilex was not present at the time of Iversen's investigation. These new occurrences represent a geographical shift in the distribution of holly towards the north in Norway and northeast in Germany, Denmark (cf. also Banuelos et al. 2004 ) and especially southern Sweden, where I. aquifolium expanded into new areas along the southern Swedish coast ( figure 1d ). In addition, the results of the field survey have been plotted in a thermal correlation diagram (figure 2), that is, a coordinate system where the ordinate represents the mean temperature for the warmest month ( July/August, depending on the individual station), and the abscissa the mean temperature for the coldest month ( January/February, same as for warmest month; cf. Iversen 1944) . In this thermal correlation diagram (figure 2), not only the status but also the position of the related climatic stations changed in accordance with the findings of the field survey. Whenever a station, previously designated holly-free, advanced to, or even crossed, the thermal limit curve in the thermal correlation diagram, field observations revealed that the station's surrounding area has been colonized by holly in the time since Iversen's investigation. Consequently, the change in the position of these stations is in synchrony with the change in their biogeographic status, indicated by different symbols in figure 2. Furthermore, while the position and status of several stations have changed, the position of the thermal limit curve has remained stable compared with the outline given by Iversen (1944; cf. figure 2). In the past, the 0 8C January-isoline ran parallel with the northern margin of Ilex distribution (figure 1a), and with the recent shift of both climate isoline and species' distribution change, this relationship remains consistent (figure 1c). Last but not least, the bioclimatic model based on purely bioclimatic response factors simulates a potential Ilex distribution of the recent past (based on 1931-60 climate data) that matches the actual area with a kappa value (K ) of 0.82, which is well in the range of 'excellent' agreement (KO0.75 according to Fielding & Bell 1997 ; see also Landis & Koch 1977) . The model also predicts new areas that will be colonized by holly under a warming scenario based on the 1981-2000 climate data (figure 1d ). In this case, the kappa value for the simulated range shift and the observed change (the latter is the area delimited by the new occurrences; see triangles in figure 1d ; excluding the actual area of the recent past; see figure 1a ) is 0.50, which, though lower, is in the range of a 'moderate' kappa agreement (Landis & Koch 1977) .
DISCUSSION
In the original work, the climatic stations were critically selected in order to ensure that they sufficiently represented the surrounding areas (defined by Iversen (1944) as the area within a circle of 20 km and within a vertical distance of 40 m). Because of the long period of this study (ca. 50 years) it was not possible to update all the climate data from all the original stations. However, due to the large geographical distances between the climatic stations used in this study, some minor variation arising from the use of nearby surrogate climate stations instead of abandoned original stations is relatively insignificant, especially when considering the potential differences in proportion to changes in microhabitats within the 20 km circle considered representative for the thermosphere of the plants (see Iversen 1944) . Furthermore, the data used in the thermal correlation diagram revealed no systematic discrepancy in terms of magnitude, or direction of change in status or position, between the subset of original and surrogate stations (see Electronic Appendix A). Therefore, although not all the original climate stations survived the time span covered in this study, the dataset is considered sufficiently reliable for the purpose of the study. Also, the observed change, especially at winter temperatures, accords well with the latest IPCC findings reporting a 0.6-1. Although we could have based our resurvey on records from several local vegetation monitoring programmes, it was necessary to verify all notifications of (potential) Ilex-occurrences in the field, because, for example, in some places we identified Mahonia aquifolium instead of the expected I. aquifolium. All the localities with previous occurrences of Ilex reported by Iversen (1944) were confirmed. In addition, we also found new areas with Ecological 'footprint' of climate change G.-R. Walther and others 1429 holly that were reported Ilex-free at the time of Iversen's investigation. In some cases, new individuals were considered to be escapees from planted garden individuals. However, in that regard, Iversen in his study also included a category named 'Ilex strayed into woods from gardens' (cf. Iversen 1944, p. 471) . Such subspontaneous occurrences are not in opposition to our approach, rather, they are in agreement with the methodology and findings of the original study. Such events provide opportunities for Ilex to keep pace with the rate of climate change by reducing the time-lag that may be due to, for example, dispersal limitations cf. also Pott 1990; Leemans 1996) and/or interrupted migration routes , thus allowing a species the chance to occupy its new potential range immediately. The observed north-and northeastward range expansion tracks the increased warming measured at local climate stations. Whenever a station which previously was reported Ilex-free advanced to or crossed the thermal limit curve in the thermal correlation diagram, a new occurrence of holly was found in the field in the surrounding area. Furthermore, both the historic and the present northern margin of Ilex distribution in Europe remains related to the 0 8C-isoline ( figure 1a,c) . STASH model output showed very clearly that, in the past, Ilex has filled a great portion of its potential range (figure 1b). Furthermore, the new occurrences of I. aquifolium overlap with the potential range of this species under the recent moderate climate change predicted by the model using climate data of the last two decades only (see figure 1d ; cf. also Banuelos et al. 2004 for Denmark). However, the lower kappa value resulting from the comparison of the expected and the actual shift in distribution of the last two decades suggests that Ilex, probably for chorological reasons, has not yet fully occupied its climatically determined potential new range predicted by the model (cf. also ).
Northern range limitation by climatic parameters has not only been reported from plant species (e.g. Woodward 1987; Graves & Reavey 1996; Woodward et al. 2004; see also Walther 2004) , it is also of importance for other taxa such as insects (e.g. Hill et al. 1999; Addo-Bediako et al. 2000; Thomas et al. 2001) , birds (e.g. Thomas & Lennon 1999; Forsman & Monkkonen 2003; Brommer 2004 ) and mammals (e.g. Humphries et al. 2002) , and thus is an important ecological feature in temperate regions. The present resurvey of the distribution of a climatically limited species and the reanalysis of closely related local climatic measurements revealed a coherent shift in both species' distribution and climate with the same spatio-temporal resolution. This gives high confidence to the conclusion that the changing climate is the responsible driver for the observed northward range expansion. Consequently, this reported species' shift is more than just an ecological 'fingerprint', it is an ecological 'footprint' of recent climate change.
